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ABSTRACT
Hot dust-obscured galaxies (hot DOGs) are a rare class of hyperluminous infrared
galaxies identified with the Wide-field Infrared Survey Explorer (WISE) satellite. The
majority of them is at high redshifts (z ∼ 2 − 3), at the peak epoch of star forma-
tion in the Universe. Infrared, optical, radio, and X-ray data suggest that hot DOGs
contain heavily obscured, extremely luminous active galactic nuclei (AGN). This class
may represent a short phase in the life of the galaxies, signifying the transition from
starburst- to AGN-dominated phases. Hot DOGs are typically radio-quiet, but some
of them show mJy-level emission in the radio (microwave) band. We observed four hot
DOGs using the technique of very long baseline interferometry (VLBI). The 1.7-GHz
observations with the European VLBI Network (EVN) revealed weak radio features in
all sources. The radio is free from dust obscuration and, at such high redshifts, VLBI
is sensitive only to compact structures that are characteristic of AGN activity. In two
cases (WISE J0757+5113, WISE J1603+2745), the flux density of the VLBI-detected
components is much smaller than the total flux density, suggesting that ∼70–90 per
cent of the radio emission, while still dominated by AGN, originates from angular
scales larger than probed by the EVN. The source WISE J1146+4129 appears a can-
didate compact symmetric object, and WISE J1814+3412 shows a 5.1-kpc double
structure, reminiscent of hot spots in a medium-sized symmetric object. Our observa-
tions support that AGN residing in hot DOGs may be genuine young radio sources
where starburst and AGN activities coexist.
Key words: galaxies: active – galaxies: high-redshift – galaxies: starburst – galax-
ies: individual (WISE J0757+5113, WISE J1146+4129, WISE J1603+2745, WISE
J1814+3412) – radio continuum: galaxies – techniques: interferometric.
1 INTRODUCTION
One of the main scientific goals of the Wide-field Infrared
Survey Explorer (WISE) space telescope (Wright 2010) was
to find the most luminous galaxies in the Universe. WISE
was sensitive in four infrared bands at wavelengths 3.4, 4.6,
12, and 22 µm (denoted by W 1, W 2, W 3, and W 4, respec-
tively) and made an all-sky survey. Among the catalogued
sources,W 1W 2-dropouts are heavily obscured galaxies, very
faint or even undetected in the W 1 and W 2 bands, but
have significant flux density in the longer-wavelength W 3
andW 4 bands (Wu et al. 2012; Eisenhardt et al. 2012). The
dropouts have Vega magnitudes and colours as W 1 > 17.4,
and either W 4 < 7.7 and W 2 −W 4 > 8.2, or W 3 < 10.6
and W 2 − W 3 > 5.3. The detailed selection criteria are
⋆ E-mail: frey.sandor@fomi.hu
given by Eisenhardt et al. (2012). These objects are hy-
perluminous infrared galaxies (HyLIRGs, LIR > 10
13L⊙,
Rowan-Robinson 2000; Eisenhardt et al. 2012). At redshifts
of z ∼ 2−3 corresponding to the cosmological epoch of peak
star formation (e.g. Heavens et al. 2004), the near-infrared
obscuration in the rest frame of the galaxies is expected
to fall in the W 1 and W 2 bands. On the other hand, the
strong reradiated emission of the hot obscuring dust is de-
tected at 12 and 22 µm. Spectroscopic observations of more
than 100 W 1W 2-dropout galaxies (Eisenhardt et al. 2012;
Bridge et al. 2013) confirmed that the majority of these
galaxies are indeed at z > 1.6, with the bulk of the sources at
z ∼ 2 − 3. The all-sky sample of W 1W 2-dropouts contains
nearly 1000 objects. Their surface density (<
∼
0.03 deg−2)
is more than 5 orders of magnitude smaller than that of
c© 2015 The Authors
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WISE sources in general (Eisenhardt et al. 2012)1. High-
redshiftW 1W 2-dropouts are coined as hot DOGs (hot dust-
obscured galaxies, Wu et al. 2012).
The optically faint dust-obscured galaxies (DOGs) se-
lected with Spitzer have large (>
∼
1000) mid-infrared (24µm)
to optical (R-band) flux density ratios (Dey et al. 2008).
They are thought to be in transition between the starburst-
dominated and AGN-dominated phases in the process of a
major galaxy merger. In this scenario, submillimetre galax-
ies (SMGs, Blain et al. 2002) evolve into DOGs, then (op-
tical) quasars, and finally “red and dead” elliptical galaxies
(e.g. Narayanan et al. 2010; Bussmann et al. 2011). Based
on Herschel data, Riguccini et al. (2015) showed that faint
DOGs (with 8-µm luminosity below 1012 L⊙) are dominated
by star formation, while the AGN activity is typical for
brighter DOGs. Most W 1W 2-dropout galaxies can also be
classified as DOGs. Their redshift distribution is similar but
the luminosities ofW 1W 2-dropouts are typically an order of
magnitude higher than those of “normal” DOGs (Wu et al.
2012). Hot DOGs can be considered a ∼10 000 time rarer ex-
treme subclass of DOGs, characterised by very high dust ob-
scuration and hotter dust temperatures. Because only very
few hot DOGs are found in the all-sky survey, they likely
represent a brief transitional phase of galaxy evolution at
the end of the DOG phase (Wu et al. 2012).
Since their discovery, hot DOGs have become the sub-
ject of intense research at different wavebeands of submil-
limetre (e.g. Wu et al. 2014; Jones et al. 2014), infrared (e.g.
Assef et al. 2015; Tsai et al. 2015), and X-rays (Stern et al.
2014; Piconcelli et al. 2015). The prototype of this class,
the first such a source investigated in detail with opti-
cal, infrared, submillimetre and radio imaging, and opti-
cal spectroscopy was WISE J1814+3412 (Eisenhardt et al.
2012). Its radio emission, exceeding the amount expected
from the far infrared–radio correlation (e.g. Condon 1992)
by a factor of ∼10 (Eisenhardt et al. 2012), is considered
as the strongest evidence for the presence of an active
galactic nucleus (AGN) in the system. For comparison,
the ratio between the far infrared and radio emission in
WISE J1814+3412 is similar to that of the radio excess
sources studied with Herschel in the GOODS-North field
by Del Moro et al. (2013). The radio emission originating
from an AGN can penetrate through the dusty environment
in the host galaxy. According to Eisenhardt et al. (2012),
the observations of WISE J1814+3412 can be well modeled
with a spectral energy distribution (SED) combined from
an obscured AGN, a starburst, and an evolved stellar com-
ponent. The star formation rate (SFR) is estimated to be
∼300 M⊙ yr
−1 (Eisenhardt et al. 2012).
Submillimetre and infrared observations of a sample of
26 hot DOGs that were among the first such objects spec-
troscopically identified at high redshifts (z >
∼
2) indicate that
the SEDs are dominated by hot (60–120 K) dust emission
generated by powerful AGN, but multiple components with
different temperatures are also present (Wu et al. 2012). In
1 The WISE all-sky data release source catalogue from
which the hot DOGs were selected is available at
http://wise2.ipac.caltech.edu/docs/release/allsky
and contains nearly 564 million objects, corresponding to
≈ 1.4× 104 deg−2 average surface density.
a follow-up project, Wu et al. (2014) observed three hot
DOGs drawn from the above sample with interferometric
mm-wavelength observations using the Combined Array for
Research in Millimeter-wave Astronomy (CARMA) and the
Submillimeter Array (SMA). This pilot study with ∼1′′ res-
olution led to the continuum detection of two unresolved
sources out of the targeted three. This allowed the au-
thors to estimate the upper limits of molecular gas and
cold dust contents in these galaxies. Further submillime-
tre data of a partly overlapping sample of 10 hot DOGs
confirmed that the SEDs cannot be well fitted by AGN
templates alone, without considering extra dust extinction
(Jones et al. 2014). The first X-ray spectrum of a hot DOG
(WISE J1835+4355) also indicates the presence of a heav-
ily obscured AGN accompanied by extreme star formation
(Piconcelli et al. 2015).
The WISE-selected dusty Lyα emitters, a class that
largely overlaps with hot DOGs at high redshifts, are typi-
cally radio-quiet (Bridge et al. 2013). However, some of the
known hot DOGs with a yet unknown fraction do show
mJy-level radio emission at 1.4 GHz. The radio emission
provides us with an intriguing opportunity to directly con-
firm AGN-related radio emission in these sources since the
dust in the galaxies is transparent at GHz frequencies.
Upon detection, the uniquely high angular resolution achiev-
able with the technique of very long baseline interferome-
try (VLBI) guarantees that the emitting region is compact.
Moreover, if a radio source is detected with VLBI from a
sufficiently large distance (at redshifts well above z∼0.1),
then the corresponding luminosity clearly exceeds that of the
brightest supernovae and/or supernova remnant complexes
(Alexandroff et al. 2012; Middelberg et al. 2013). Therefore
VLBI offers a sharp and unobscured view of the compact
AGN-related structures if they are indeed present in radio-
emitting hot DOGs.
Lonsdale et al. (2015a) studied heavily obscured hyper-
luminous infrared quasars selected via extremely steep mid-
infrared (MIR) spectra obtained by WISE. Unlike for the
samples mentioned above (Eisenhardt et al. 2012; Wu et al.
2012; Bridge et al. 2013), the list was cross-matched with 20-
cm radio catalogues to select sources that show arcsec-scale
compact radio emission. These sources share key properties
of radio-emitting hot DOGs, such as similar SED, high lumi-
nosity and redshift. Lonsdale et al. (2015a) found that the
MIR emission in these sources is dominated by AGN, but
the SFR is loosely constrained, allowing values from zero up
to a few thousand M⊙ yr
−1.
Here we report on our VLBI observations of four hot
DOGs with mJy-level total emission in the cm–dm mi-
crowave bands. These observations were performed with the
European VLBI Network (EVN) at 1.7 GHz on 2014 Febru-
ary 21–22. The sample selection is described in Sect. 2, the
observations are detailed in Sect. 3, and the results are pre-
sented and discussed in Sect. 4. To calculate linear sizes and
luminosities (Wright 2006), we assume a flat cosmological
model with H0=70 km s
−1 Mpc−1, Ωm=0.3, and ΩΛ =0.7
in this paper.
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Table 1. Parameters of the four hot DOGs observed with the EVN.
Source name Redshift WISE flux densitiesc (mJy) Total 1.44-GHz radio
W1 W2 W3 W4 flux density (mJy)
WISE J0757+5113 2.227a 0.02 < 0.04 1.46 9.31 3.57±0.15d
WISE J1146+4129 1.772a 0.03 0.06 3.90 20.35 4.39±0.13d
WISE J1603+2745 2.633a < 0.02 < 0.04 3.15 9.53 2.28±0.14d
WISE J1814+3412 2.452b < 0.01 0.02 1.86 14.38 1.43±0.18e
a Wu et al. (2012); b Eisenhardt et al. (2012); c calculated from Vega magnitudes according to Cutri et al. (2012); d from the Faint
Images of the Radio Sky at Twenty-cm (FIRST) survey (White et al. 1997); e estimated from the 4.49- and 7.93-GHz flux densities and
the spectral index reported by Eisenhardt et al. (2012)
2 SAMPLE SELECTION
We selected four hot DOGs from the 26-element sample
of Wu et al. (2012). These were the only mJy-level radio
sources among hot DOGs known at the time of the project
planning (Table 1). Three of them (WISE J0757+5113,
WISE J1146+4129, WISE J1603+2745) are listed in the
Very Large Array (VLA) Faint Images of the Radio Sky at
Twenty-cm (FIRST) survey catalogue2 (White et al. 1997)
as unresolved (< 5′′) objects, with integral flux densities of
∼ 2− 4 mJy. The detection threshold of the FIRST survey
is ∼1mJy which is therefore the lower flux density limit for
our selection of radio-emitting hot DOGs. From the full list
of Wu et al. (2012), there are 9 non-detections in FIRST,
implying sub-mJy flux densities at 1.4 GHz. The rest of the
hot DOGs, further 14 objects from the 26-element Wu et al.
(2012) sample, lie outside the FIRST sky coverage. However,
one of them, the fourth hot DOG in our radio sample (WISE
J1814+3412) was observed and detected as an unresolved
source (< 9′′) with the Karl G. Jansky VLA at two dif-
ferent frequencies, 4.5 GHz and 7.9 GHz (Eisenhardt et al.
2012). From the measured spectral index, the extrapolated
total 1.4-GHz flux density of WISE J1814+3412 is 1.4 mJy.
Based on the total of 12 sources (9 non-detections and 3
detections) that are covered by FIRST, the radio-emitting
fraction of hot DOGs is estimated as >
∼
25 per cent.
3 OBSERVATIONS AND DATA REDUCTION
The EVN observations started on 2014 February 21, using
a network of seven radio telescopes in Europe (Effelsberg
in Germany, the Jodrell Bank Lovell Telescope in the UK,
Medicina and Noto in Italy, Onsala in Sweden, Torun´ in
Poland, and the Westerbork Synthesis Radio Telescope in
the Netherlands) and one in China (Sheshan). The experi-
ment lasted for 14 h. The observations were performed us-
ing the electronic VLBI (e-VLBI) technique (Szomoru 2008).
This is different from the traditional VLBI where the data
are recorded on magnetic media (disks) at each individual
radio telescope and later played back at a central correlator
facility to achieve the interference. In e-VLBI, the signals
from the telescopes are streamed from the remote sites to the
data processor over optical fibre network. The correlation of
the data was done in real time with 1-s integration using the
EVN software correlator (SFXC, Keimpema et al. 2015) at
the Joint Institute for VLBI in Europe (JIVE) in Dwingeloo,
2 http://sundog.stsci.edu
the Netherlands. The data were collected at 1024 Mbit s−1
rate with two circular polarizations, eight basebands per po-
larization, each with thirty-two 500-kHz spectral channels.
This resulted in a total bandwidth of 128 MHz in both left
and right circular polarizations, using 2-bit sampling. The
central frequency was 1.659GHz.
The four targeted hot DOGs are too weak for fringe-
fitting (Schwab & Cotton 1983) if observed within the at-
mosphetic coherence time (typically ∼10min at this fre-
quency). Therefore they were observed in phase-reference
mode, to secure signal-to-noise ratios sufficient for detec-
tion by increasing the total coherent integration time spent
on the targets. Phase-referencing is performed by regu-
larly nodding the radio telescope pointing direction between
the target source and a nearby bright, compact reference
source (e.g. Beasley & Conway 1995). The delay, delay rate,
and phase solutions derived for the phase-reference calibra-
tors were interpolated and applied to the respective tar-
gets within the cycle time of ∼5min. Each target source
was observed for about 3.5min within a cycle, accumulating
∼50min on-source integration time for WISE J0757+5113,
and ∼130min for the other three targets, respectively.
The target–reference pairs and their angular separations
were the following: WISE J0757+5113 and J0756+5151
(0.◦63), WISE J1146+4129 and J1146+3958 (1.◦52), WISE
J1603+2745 and J1606+2717 (0.◦82), WISE J1814+3412
and J1826+3431 (2.◦64). Additional fringe-finder and cal-
ibrator sources (J0824+5552, J1606+3124, J1734+3857)
were also observed during the experiment.
The VLBI data were caibrated using the NRAO As-
tronomical Image Processing System3 (AIPS, e.g. Diamond
1995). The visibility amplitudes were calibrated using an-
tenna gains and system temperatures measured at all of the
telescopes but Jodrell Bank, where nominal system temper-
atures were applied. Fringe-fitting (Schwab & Cotton 1983)
was performed for the phase-reference and other calibra-
tor sources using 3-min solution intervals. These data were
exported to the Caltech Difmap package (Shepherd et al.
1994) where each calibrator source was imaged using the
conventional hybrid mapping procedure involving several it-
erations of CLEANing (Ho¨gbom 1974) and phase (then am-
plitude) self-calibration. This provided images and bright-
ness distribution models for the calibrators. Overall antenna
gain correction factors (up to ∼20 per cent) were also de-
termined in Difmap and the average values were applied to
the visibility amplitudes in AIPS if exceeded 5 per cent.
3 http://www.aips.nrao.edu
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Fringe-fitting was then repeated for the phase-reference
calibrators, now taking their CLEAN component model into
account, to compensate for small residual phases resulting
from their non-pointlike structure. The solutions obtained
were interpolated and applied to the respective target source
data. The calibrated and phase-referenced visibility data of
WISE J0757+5113, WISE J1146+4129, WISE J1603+2745,
and WISE J1814+3412 were also exported to Difmap for
imaging.
The total intensity images at 1.7 GHz are presented in
Fig. 1. The sources were all heavily resolved, i.e. their sizes
were larger than the resolution limit of the interferometer
array, and thus the longest intercontinental baselines had
little contribution to the signal. We therefore omitted data
from Sheshan when producing the final images. The image
parameters are given in Table 2. The images were restored in
Difmap after iteratively fitting circular Gaussian brightness
distribution models to the interferometric visibility data, un-
til ∼6σ noise level was reached in the residual image. Finally,
for smoothing the residual features smaller than the restor-
ing beam, a deep CLEAN procedure with 1000 iterations
and 0.01 loop gain was applied. Natural weighting (weight-
ing the visibility data points by the inverse square of ampli-
tude errors) was employed to minimize the image noise.
4 RESULTS AND DISCUSSION
Using the full radio telescope array (including the longest
baselines to Sheshan), all four hot DOGs targeted with
VLBI remained undetected in the uniformly-weighted dirty
image that would provide the highest angular resolution,
about 2mas × 9mas. This non-detection implies about
1mJy beam−1 brightness upper limit (this corresponds to
the ∼5σ noise level in the dirty images), and allows us
to estimate the maximum brightness temperature (e.g.
Condon et al. 1982) of any putative mas-scale compact radio
component in these galaxies:
Tb < 1.22× 10
12(1 + z)
S
θ1θ2ν2
K, (1)
where S (Jy) is the flux density upper limit for a non-
detected source, θ1 and θ2 (mas) are the minor and ma-
jor axis diameters of the Gaussian restoring beam size
(FWHM), and ν (GHz) is the observing frequency. The
value obtained, Tb<∼ 10
8K, indicates that synchrotron self-
absorbed “core” emission (Blandford & Ko¨nigl 1979) is not
present or severely deboosted. Relativistic beaming of ra-
dio jets towards the observer is excluded in the nuclei of
these galaxies since that would produce brightness tempera-
tures at least two orders of magnitude higher (e.g. Readhead
1994).
On the other hand, extended emission on angular scales
of tens of mas (corresponding to hundreds of pc in linear
scale in these galaxies) are detected in all four objects in the
naturally-weighted images (Fig. 1). The parameters of the
circular Gaussian brightness distribution model components
fitted in Difmap, and their derived monochromatic radio
powers and brightness temperatures are given in Table 3.
The statistical errors of the modelfit parameters are esti-
mated according to Fomalont (1999). Additional flux den-
sity calibration uncertainties are assumed as 5 per cent. The
component brightness temperatures are calculated by sub-
stituting the circular Gaussian diameter (FWHM) as θ1 = θ2
in Eq. 1. The Tb values exceed 10
5K, the upper limit for
galaxies without a central AGN (Condon 1992).
For calculating the radio power,
P = 4piD2LS(1 + z)
−1−α
, (2)
we assumed a steep radio spectrum with spectral index
α = −0.8 (defined as S ∝ να, where S is the flux den-
sity and ν the frequency). The two-point spectral index is
known only for WISE J1814+3412 (Eisenhardt et al. 2012).
In the absence of flux density mesurements at multiple ra-
dio frequencies, we adopt the spectral index value of WISE
J1814+3412 for the other three sources as well. In Eq. 2, DL
denotes the luminosity distance of the source.
The flux densities obtained with VLBI on angular scales
of∼10mas are smaller than the total flux densities measured
at different epochs for these sources (Table 4). This does
not formally exclude flux density variability, but does not
provide evidence for it either. The lack of variability would
be consistent with the absence of compact AGN jets and
with the resolved radio structures seen in the EVN images
(Fig. 1).
The technique of phase-referencing enabled us to ac-
curately derive the positions of the target sources. The co-
ordinates of the phase-reference calibrator objects used for
relative astrometry are listed in the International Celestial
Reference Frame (ICRF2, Fey et al. 2015) catalogue4. The
estimated uncertainties of the hot DOG positions listed in
Table 4 are within 2 mas in each coordinate.
4.1 Notes on Individual Sources
WISE J0757+5113. This source has a radio structure ex-
tended to ∼100 mas in the east–west direction. Note that
the ratio of the FIRST (White et al. 1997) peak brightness
(3.19±0.15 mJy beam−1) and the FIRST integral flux den-
sity (3.57±0.15 mJy, Table 1) is lower than unity, already
hinting on the resolved nature of WISE J0757+5113. The
sum of the flux densities in the two VLBI components equals
to one third of the value expected from the FIRST flux
density (Table 4). The flux density resolved out with VLBI
(2.37±0.17 mJy) comes from larger (∼ 0.′′1 to 1′′) angular
scales. This emission is associated with either star-forming
or AGN activity, or a combination of both. Below, we show
that star formation alone cannot explain the extended radio
emission in WISE J0757+5113. The most extreme values of
SFR reported e.g. for luminous submillimetre galaxies are
≈ 104 M⊙ yr
−1 (Micha lowski et al. 2010). In comparison,
we can use the conversion relation between the radio power
and SFR (Hopkins et al. 2003),
SFR =
P
1.8× 1021
(3)
to estimate how large the SFR would be if the extended
radio emission is entirely attributed to star formation in the
host galaxy. Here the SFR is measured in M⊙ yr
−1 and the
1.4-GHz radio power P in WHz−1. We get (3.9 ± 0.3) ×
104 M⊙ yr
−1, which exceeds the highest SFR values found
4 http://hpiers.obspm.fr/icrs-pc/icrf2/icrf2.html
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Figure 1. The naturally-weighted 1.7-GHz EVN images of WISE J0757+5113, WISE J1146+4129, WISE J1603+2745, and WISE
J1814+3412. The image parameters are listed in Table 2. The lowest contours are drawn at ∼4σ image noise level. Further positive
contour levels increase by a factor of 2. The Gaussian restoring beams are indicated with filled ellipses (full width at half maximum,
FWHM) in the lower-left corners. The coordinates are related to the brightness peaks. The absolute source positions are given in Table 4.
In case of WISE J1814+3412, the position angle of the Lyα blob extending to > 30 kpc found by Eisenhardt et al. (2012) from optical
spectroscopic observations is indicated with a dashed line.
Table 2. Parameters of the images in Fig. 1. The restoring beam major axis position angle (P.A.) is measured from north through east.
Source name Peak brightness Lowest contour Restoring beam
major axis minor axis P.A.
(µJy beam−1) (µJy beam−1) (mas) (mas) (◦)
WISE J0757+5113 464 50 39.1 21.5 79
WISE J1146+4129 1549 150 39.4 22.5 85
WISE J1603+2745 125 38 44.0 25.5 103
WISE J1814+3412 157 47 37.6 23.9 76
in the literature by at least a factor of ∼4. We can therefore
conclude that the majority of the radio flux density resolved
out with VLBI originates from diffuse AGN-related emission
in this source, and not from star-forming activity.
WISE J1146+4129. This is the brightest source in
the sample. Although its VLBI structure is also resolved and
extended (Fig. 1), our EVN observation recovered nearly
90 per cent of its total (FIRST) flux density in two com-
ponents (Table 4) with a projected linear separation of
∼350 pc. These components are rather similar in flux den-
sity and angular size, making WISE J1146+4129 a can-
didate compact symmetric object (CSO). CSOs are sub-
galactic (< 1 kpc) in size and show double compact lobes
(e.g. Phillips & Mutel 1982; Wilkinson et al. 1994; Fanti
2009; An & Baan 2012; An et al. 2012). If the nuclear ra-
dio source in WISE J1146+4129 is indeed a CSO, the two
components detected with VLBI would be the hot spots of
a young expanding radio AGN. Future VLBI observations
at radio frequencies different from 1.7GHz could confirm if
their spectrum is steep, and monitoring observations could
reveal if the source is really expanding. The kinematic age
of CSOs inferred from their expansion velocities is typically
in the order of 100–1000 yr. CSOs are known to represent
MNRAS 000, 1–8 (2015)
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Table 3. Parameters of the circular Gaussian model components fitted to the VLBI visibility data, the estimated 1.7-GHz monochromatic
powers, and the brightness temperatures for the four hot DOGs.
Source Flux density Relative position Diameter Power Brightness temperature
S (mJy) R.A. (mas) Dec. (mas) FWHM (mas) P (1024WHz−1) Tb (10
6 K)
WISE J0757+5113 0.85±0.06 ... ... 27.6±1.1 25.3±1.8 1.6±0.2
0.22±0.03 −51.7±0.3 −2.6±0.3 7.2±0.7 6.5±0.9 6.1±2.1
WISE J1146+4129 1.92±0.11 ... ... 14.6±0.3 33.3±1.9 11.1±1.1
1.55±0.11 27.2±0.6 −31.0±0.6 26.1±1.3 27.1±1.9 2.8±0.5
WISE J1603+2745 0.23±0.02 ... ... 29.9±2.4 10.0±0.9 0.4±0.1
WISE J1814+3412 0.69±0.06 ... ... 57.8±4.1 25.6±2.2 0.3±0.1
0.33±0.03 −520.0±1.4 −354.4±1.4 34.1±2.8 12.2±1.1 0.4±0.1
Table 4. Parameters of the four hot DOGs derived from the EVN observations.
Source name VLBI flux VLBI to total VLBI position SFR
densitya (mJy) flux density ratiob (%) right ascension declination (103M⊙ yr−1)
WISE J0757+5113 1.20±0.08 34±3 07h 57m 25.s0687 51◦13′18.′′865 < 39± 3
WISE J1146+4129 3.89±0.18 89±5 11h 46m 12.s8620 41◦29′14.′′120 < 5± 2
WISE J1603+2745 0.26±0.02 11±1 16h 03m 57.s3676 27◦45′53.′′260 < 49± 3
WISE J1814+3412 1.14±0.08 80±11 18h 14m 17.s3077 34◦12′25.′′438 < 6± 4
a at 1.44GHz, estimated from the sum of the component flux densities derived from our 1.7-GHz EVN observations (see Table 3,
column 2), assuming a spectral index α = −0.8, as measured for WISE J1814+3412 by Eisenhardt et al. (2012); b the total 1.44-GHz
flux densities are given in Table 1, column 7
the earliest evolutionary phase of AGN radio sources (e.g.
Polatidis & Conway 2003; An & Baan 2012).
WISE J1603+2745. This source is the most resolved
with the EVN in our sample, making it the weakest de-
tection among the four hot DOGs observed. The single 30-
mas diameter component is responsible for only ∼10 per
cent of the total flux density recovered by FIRST (Ta-
ble 4). The difference in the values of the peak bright-
ness (1.77±0.14 mJy beam−1) and the integral flux density
(2.28±0.14 mJy) in the FIRST catalogue (White et al. 1997)
also suggests that the source is extended on arcsec scale.
From the total (FIRST) flux density, 2.02±0.14 mJy re-
mains undetected with VLBI (Table 4). According to Eq. 3,
this would correspond to an unplausibly high star forma-
tion rate of (4.9 ± 0.3) × 104 M⊙ yr
−1. Like in the case of
WISE J0757+5113, the extended radio emission of WISE
J1603+2745 cannot be explained by star formation only.
WISE J1814+3412. The 1.7-GHz EVN image of the
hot DOG “prototype”WISE J1814+3412 (Eisenhardt et al.
2012) shows a symmetric double structure (Fig. 1). The
angular separation of the components A and B is about
630 mas, which corresponds to 5.1 kpc projected linear sep-
aration. Notably, the line connecting the two radio compo-
nents is roughly perpendicular to the characteristic position
angle of the Lyα-emitting region (∼ 140◦) that extends to
more than 30 kpc in the galaxy (Eisenhardt et al. 2012).
This position angle is also indicated in Fig. 1 for illustration
purposes. Based on the morphology, the component separa-
tion, and the radio power (>
∼
4×1025 W Hz−1, Table 3), the
high-resolution radio structure of WISE J1814+3412 can be
interpreted as two lobes of a medium-sized symmetric object
(MSO). MSOs are double-lobed extragalactic radio sources
with lobe separations between 1–15 kpc (e.g. Fanti et al.
1995; Readhead et al. 1996). High-power MSOs represent
an early phase of radio-loud AGN development, possibly
becoming FR II type sources with edge-brightened lobes
(Fanaroff & Riley 1974) at a later stage (e.g. An & Baan
2012). This happens if their radio AGN activity lasts for a
sufficiently long time for the jet to expand into Mpc scales,
typically <
∼
108 yr (e.g. Kaiser & Best 2007; Antognini et al.
2012), depending on the jet power and the interstellar envi-
ronment.
An alternative explanation of the radio structure in
WISE J1814+3412 would be a dual AGN (see e.g. Frey et al.
2012, and references therein). During their formation and
growth, galaxies as well as their nuclei naturally go through
mergers. If the accretion onto the central supermassive black
holes of two merging galaxies is maintained at the same time,
dual AGN systems may be observed. However, it is challeng-
ing to find unequivocal observational evidence for kpc-scale
dual AGN (e.g. Comerford et al. 2015). In the case of WISE
J1814+3412, there is currently no other observational indi-
cation of duality, apart from the two widely-separated weak
VLBI components in Fig. 1. However, this object is accom-
panied by a quasar (5.′′2; within 42 kpc projected linear dis-
tance) and another Lyman-break galaxy (3.′′8 separation) at
the same redshift (Eisenhardt et al. 2012). It is also sug-
gested that there is an overdensity of serendipitous sources
around hot DOGs in general on arcmin scale (Jones et al.
2014).
From our VLBI data, assuming that there is no flux
density variability, we find that ∼ 80 per cent of the
total 1.4-GHz radio flux density of WISE J1814+3412
(Eisenhardt et al. 2012) is contained in the two components
(Table 4). The remaining ∼ 0.3 mJy (corresponding to
1.1× 1025WHz−1 power) is resolved out by the interferom-
eter and is explained by emission extended to larger scales.
This can in principle be related to startburst activity, or dif-
fuse AGN lobe emission, or both. A rough estimation of the
upper limit to the SFR is possible if we assume that all radio
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emission resolved out by the EVN is associated exclusively
to star formation. Applying the relation (Eq. 3) between the
SFR and the radio power (Hopkins et al. 2003), we obtain
SFR < (6 ± 4) × 103M⊙ yr
−1 (Table 4). Eisenhardt et al.
(2012) estimated the SFR for WISE J1814+3412 from
the starburst component of their SED fit, assuming that
the rest-frame ultraviolet emission is associated with star-
forming activity. Considering different initial mass functions
and reasonable amounts of extinction, they arrived to a
range of possible extinction-corrected SFR values from 180
to 600M⊙ yr
−1 (Eisenhardt et al. 2012). Our SFR upper
limit derived from radio data is about an order of magnitude
higher than the SFR estimated by Eisenhardt et al. (2012)
for WISE J1814+3412. Despite the large relative uncertainty
of our estimate, it is most likely that the dominant source
of the flux density extended up to arcsec angular scales is
diffuse AGN-related emission in this object.
From the measured bolometric luminosity and the stel-
lar component of their SED fit, Eisenhardt et al. (2012) sus-
pect that WISE J1814+3412 does not follow the local black
hole mass–bulge mass relation. The apparent deficit of stel-
lar mass suggests that that the bulk of the stars is still to
be formed in this galaxy.
5 SUMMARY AND CONCLUSIONS
We performed exploratory high-resolution VLBI obser-
vations of a small sample of four hot DOGs (WISE
J0757+5113, WISE J1146+4129, WISE J1603+2745, WISE
J1814+3412) with the EVN at a single frequency, 1.7 GHz,
to reveal the nature of the ∼10-mas scale compact radio
emission in these sources for the first time. All of them
are detected with mJy or sub-mJy radio features extended
to projected linear sizes of hundreds to thousands of pc.
Because the brightness temperatures implied by the VLBI
detections (Table 3) are above the 105 K upper limit for
“normal” galaxies (Condon 1992), and because of the high
luminosities (e.g. Alexandroff et al. 2012; Middelberg et al.
2013), our results confirm the presence of an active nucleus
in these galaxies, supporting the notion that the radio emis-
sion from hot DOGs is at least partly powered by central
AGN. Radio observations allow us to peer through the dust
that heavily obscures the view to the galactic centres in
hot DOGs at most of the other wavebands. There are no
very compact (mas-scale or smaller) radio features present
in these four sources, indicating that their radio emission
is not beamed towards the observer. The unbeamed nature
is again consistent with what is known about hot DOGs in
general (Tsai et al. 2015). Recent 5-GHz VLBI observations
of a sample of 90 WISE-selected heavily obscured radio-loud
AGN similar to hot DOGs (Lonsdale et al. 2015b) also show
that much of the radio emission is typically resolved out on
mas scales in the 62 objects detected.
We found that the sum of the VLBI component flux
densities is always smaller than the total flux density of
the objects investigated. Significant variability is unlikely in
these unbeamed sources. Star formation activity in the host
galaxy, extended AGN (lobe) emission, or a combination of
these two contributions could be responsible for the “miss-
ing”flux density. The hot DOGs are characterised by intense
star formation reaching SFR of thousands of solar masses
per year (e.g. Eisenhardt et al. 2012; Tsai et al. 2015). With
the probable exception of WISE J1146+4129, the sources in
our sample show significantly more excess radio emission re-
solved out with VLBI than that could be explained with
star-forming activity alone (Table 4).
The high-resolution radio structures (Fig. 1), the com-
ponent separations, and radio powers (Table 3) fit in the
general picture of young radio AGN. In particular, WISE
J1146+4129 is a candidate CSO, and the most likely expla-
nation of the 5.1-kpc separation double structure of WISE
J1814+3412 is that we see symmetric hot spots of an MSO.
The CSO and MSO features are terminal shocks resulting
from the interaction of the AGN jet with the ambient inter-
stellar medium in the host galaxy (e.g. Kaiser & Alexander
1997; Kawakatu & Kino 2006). These radio sources are
known to represent the earliest stages of AGN evolution (e.g.
Fanti et al. 1995; Readhead et al. 1996; Kawakatu & Kino
2006; An & Baan 2012), and the high-power ones with well-
confined lobes would grow into FR II galaxies if the AGN ac-
tivity is maintained for a sufficiently long time (An & Baan
2012). Future sensitive VLBI observations at multiple fre-
quencies (2.3 GHz and above) could provide information on
the spectral properties of the components and verify that
their radio spectra are steep, as expected for hot spots. Fur-
thermore, the changing separation of the putative hot spots
could be measured with repeated VLBI imaging over the
time scale of up to ∼10 yr. A definitive proof for young
AGN would be to detect the expansion of the sources and
to estimate their kinematic age.
It is believed that the starburst and quasar activities,
and the growth of supermassive black holes are generally
triggered by major mergers of gas-rich galaxies (see e.g.
Hopkins et al. 2008, and references therein). Intense star-
burst activity happens at a later stage of the merger evolu-
tion, during the final coalescence of the galaxies. At about
the same time, the black holes accrete gas rapidly, although
obscured from our view in the optical. Binary black holes
spiralling towards final merging are expected at this stage
(e.g. Komossa et al. 2003). It is not clear if the peak of
the AGN phase follows (e.g. Hopkins 2012) or precedes the
peak star-forming period. If AGN “turn on” only after the
main starburst episode, then their feedback (e.g. Fabian
2012) may not affect star formation in the host galaxy so
profoundly. Together with other accumulating data on hot
DOGs, in infrared and submillimetre bands in particular
(Eisenhardt et al. 2012; Wu et al. 2012, 2014; Jones et al.
2014; Assef et al. 2015; Tsai et al. 2015), our results sug-
gest that intense star formation and a young powerful AGN
coexist in these objects. However, for WISE J1814+3412,
Eisenhardt et al. (2012) found that the bulk of the stellar
mass is still to be built in the host galaxy. Therefore it is
likely that the dominant AGN activity actually precedes the
major star formation in this object.
DOGs seem to be in a transition period from the
dusty starburst-heated to the AGN-dominated phases of
the evolution of massive galaxies (e.g. Bussmann et al. 2011;
Riguccini et al. 2015), where the AGN feedback is in full ac-
tion. The same applies to the extremely luminous hot DOGs
that form a small sub-class of DOGs. Hot DOGs may signal
the end of the DOG phase, and soon become visible quasars
(e.g. Bridge et al. 2013; Wu et al. 2014). It is promising to
identify a well-defined type of objects, the radio-emitting
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hot DOGs, where the feedback process can be studied, by
connecting them to the youngest radio AGN, as might be im-
plied by our exploratory VLBI observations. High-resolution
radio imaging data on a larger sample would be essential to
better establish this connection.
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